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a  b  s  t  r  a  c  t
Using  standard  epidemiological  methods,  this  study  set out to  quantify  the  risk  associ-
ated with  exposure  to easily  diagnosed  factors  on  colony  mortality  and  morbidity  in  three
migratory  beekeeping  operations.  Fifty-six  percent  of all  colonies  monitored  during  the
10-month  period  died.  The  relative  risk  (RR)  that a  colony  would  die  over the short  term
(∼50  days)  was  appreciably  increased  in  colonies  diagnosed  with  Idiopathic  Brood  Disease
Syndrome  (IBDS),  a condition  where  brood  of different  ages  appear  molten  on  the  bottom
of cells  (RR  =  3.2),  or with  a “queen  event”  (e.g.,  evidence  of queen  replacement  or failure;
RR =  3.1).  We  also found  that several  risk  factors—including  the  incidence  of a poor  brood
pattern,  chalkbood  (CB), deformed  wing  virus  (DWV),  sacbrood  virus  (SBV),  and  exceedingdds ratio
rood disease
the threshold  of  5 Varroa  mites  per 100 bees—were  differentially  expressed  in  different
beekeeping  operations.  Further,  we  found  that  a  diagnosis  of  several  factors  were  signif-
icantly  more  or  less  likely  to be  associated  with  a  simultaneous  diagnosis  of  another  risk
factor.  These  ﬁnding  support  the  growing  consensus  that  the  causes  of colony  mortality  are
multiple  and  interrelated.. Introduction
Honey bees (Apis mellifera L.) play a vital role in mod-
rn agriculture. An estimated 35% of the western human
iet beneﬁts—directly or indirectly—from honey bee pol-
ination (Klein et al., 2007). While colony numbers have
ncreased globally over the last 60 years (Aizen et al.,
008), this increase has not kept pace with increased
creages planted with pollinator-dependent crops (Aizen
nd Harder, 2009). Additionally, increases in colony
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numbers have not been consistent across all regions,
with long-term losses documented in the US and Euro-
pean nations (Potts et al., 2010; NRC, 2006). These trends
have raised fears that demand for pollinating units will
outstrip supply in the future (NRC, 2006). While some
have questioned the basis of these fears (Ghazoul, 2005),
researchers agree that there is a need for consistent and
reliable enumeration of pollinator populations and focused
research investigating the causes of mortality (Neumann
and Carreck, 2010; Nguyen et al., 2010b).
In recent years, there has been increased attention
paid to documenting overwintering honey bee colony
Open access under CC BY-NC-ND license.mortality in North America (vanEngelsdorp et al., 2008,
2010a, 2011; Currie et al., 2010) and Europe (Potts et al.,
2010; Brodschneider et al., 2010; Nguyen et al., 2010a).
While these efforts have not attempted to empirically test
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the causes of mortality, most have accepted self-reports
from beekeepers about which factors they believe most
likely contributed to colony mortality in their particu-
lar operation (vanEngelsdorp et al., 2008, 2010a, 2011;
Brodschneider et al., 2010). These factors are generally lim-
ited to those with which beekeepers are most familiar and
can most readily diagnose. Some factors self-identiﬁed by
survey respondents as leading causes for increased mortal-
ity, such as Varroa mite parasitism, have been corroborated
by more systematic empirical surveys (Haubruge et al.,
2006; Chauzat et al., 2010b; Guzmán-Novoa et al., 2010).
While Varroa mites clearly contribute to colony mortal-
ity, other factors (including pesticide exposure, other bee
parasites and pathogens, foraging conditions in the fall,
and beekeeper management) may  also negatively affect
colony survival (vanEngelsdorp and Meixner, 2010). There
seems little doubt that various factors can interact with
one another. In Denmark, for instance, elevated losses were
compounded when weather conditions in the fall pre-
vented effective mite treatments, facilitating higher mite
loads on bees that may  not have had optimal pollen stores
(Vejsnæs et al., 2010).
The objective of this study was to identify and quan-
tify risk factors associated with annual colony mortality in
migratory beekeeping operations in the eastern U.S. Specif-
ically, we monitored risk factors that are readily identiﬁed
during colony inspection or quantiﬁed by standard diag-
nostic techniques of sampled bees. These factors included
clinical outbreaks of American foulbrood, European foul-
brood, chalkbrood, sacbrood, deformed wing virus, queen
events, brood pattern quality, and Varroa mite and Nosema
spore load. Brood pattern quality is a general measure
of queen and colony health and poor brood survival can
be linked to reduced honey production (Woyke, 1981). A
good brood pattern, as indicated by solid patches of capped
brood, indicates the queen is laying viable eggs which are
developing into healthy larval and pupal bees. Poor brood
quality, indicated by large numbers of empty cells among
capped cells, are indicative of a poor queen or disease
(hygienic bees typically remove diseased larvae and pupa,
leaving empty cells). In addition, we monitored Idiopathic
Brood Disease Syndrome (IBDS), a syndrome ﬁrst described
by Shimanuki et al. (1994),  but renamed here because its
underlying cause it yet unknown. IBDS is diagnosed by the
presence of brood at different ages that appear molten on
the bottom of cells or have other symptoms reminiscent of,
but not caused by, infection with American foulbrood (AFB;
Paenibacillus larvae),  European foulbrood (EFB; Melissococ-
cus pluton),  or sacbrood virus (SBV). Shimanuki et al. (1994)
described this syndrome as part of their study of Parasitic
Mite Syndrome (PMS), but unlike the symptoms of PMS  in
adult bees it is not believed that IBDS is caused by Varroa
mites.
We used basic epidemiological methods to calculate and
compare the relative risk associated with exposure to these
easily-quantiﬁed putative risk factors. This risk-factor
approach is commonly used in human studies to inform
future hypothesis-driven analytical studies designed to
elucidate causes of disease and mortality (Koepsell and
Weiss, 2003). Just as in human studies, we intend for the
results of this study to highlight areas for future researchary Medicine 108 (2013) 225– 233
intended to aid us in understanding and mitigating colony
losses.
2. Materials and methods
2.1. Colony selection
This cohort study monitored honey bee, A. mellifera,
colonies in three migratory beekeeping operations (OP1,
n = 20; OP2, n = 24; OP3, n = 18). The study was  conducted
during a 10-month period (mean = 300 days) between
March 2007 and January 2008. The selected operations
were considered representative of East coast migratory
operations, as the beekeepers transported their beehives
north and south within the eastern United States to pol-
linate and/or produce honey on a diverse variety of crops
and natural vegetation (Fig. 1). All colonies travelled from
the state of Florida to New Jersey or Maine and back to
Florida within the year, pollinating various crops en route.
Colonies were selected randomly from an apiary within
each beekeepers operation that contained colonies that
had survived the previous year and were likely to be of
similar lineages. Selected colonies were tagged with indi-
vidually numbered cattle ear tags for tracking purposes.
Upon ﬁrst inspection, each colony’s queen was located,
marked, and had one of her wings clipped to help mon-
itor queen replacement. Wing clipping is not thought to
have a negative impact on queen longevity and was done
in addition to marking queens because queen markings are
commonly removed from marked queens by her attend-
ing workers (Laidlaw and Page, 1997). Surviving colonies
were inspected at intervals that varied depending on the
frequency that the colonies were moved (Fig. 1).
2.2. Colony measurements
During each inspection, the condition of monitored
colonies was  ﬁrst noted. Colonies were considered to be
dead when they were found completely depopulated of
live adult bees. The strength of surviving colonies was
assessed by separately estimating the number of frames
covered with adult bees and containing capped brood
(DeGrandi-Hoffman et al., 2008). The quality of brood was
also assessed by averaging the number of empty brood cells
in four randomly-selected patches of contiguous capped
brood (100 brood cells per patch). When the four patches
had an average of ≥20% empty cells, the brood pattern was
considered to be ‘poor’.
During inspection, clinical symptoms of disease were
noted, including chalkbrood (CB) Ascosphaera apis; Euro-
pean foulbrood (EFB), M. pluton;  American foulbrood (AFB),
P. larvae;  sacbrood virus (SBV); and deformed wing virus
(DWV). Also clinical symptoms of Idiopathic Brood Disease
Syndrome (IBDS) were noted, as described above and by
Shimanuki et al. (1994).
During each inspection, the condition of a colony’s
queen was also assessed. Attempts were always made to
ﬁnd the original marked and clipped queen. In cases where
the marked queen was  not found (12.5% of the time), it was
assumed that she was  present if eggs were found in the
brood nest. A colony was diagnosed as having experienced
D. vanEngelsdorp et al. / Preventive Veterinary Medicine 108 (2013) 225– 233 227
Fig. 1. Timeline of colony inspection over the course of the study. Placement of colonies on various ﬂoral sources is indicated (boxes), as are the times
colonies were inspected (starbursts). Data from inspections collected at times indicated by solid star bursts were considered for calculating all case incidence
rates.  However, in an attempt to equalize “exposure time”, only data from inspection periods indicated by large starbursts were included for calculating
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 “queen event” if the colony was found to (1) have emer-
ency or supersedure queen cells, (2) contain a virgin
r replacement (unmarked) queen, or (3) was apparently
ueenless with no eggs and larvae. When found, replace-
ent queens had their wings clipped.
During each inspection, colonies had samples of adult
ees removed from a frame containing capped and
ncapped brood (when available) and stored in 70% ethanol
∼320 bees). These bees were used to determine the mean
bundance of Varroa mites in adult bees (Rinderer et al.,
004). Moreover, a sample of 30 worker bees from this
ame sample was macerated in 30 ml  of water to determine
osema spp. spore loads (after Cantwell, 1970).
.3. Analysis
Survivorship was calculated for each group of colonies
t the time of each inspection. To calculate mortality rate
percentage of colonies dying per month), colonies found
ead during an inspection were parsimoniously assumed
o have died midway between the last inspection (whence over time. The period of time between these inspections is indicated
s).
they were found alive) and the inspection in which they
were found dead.
In this study, we sought to quantify the risk of
colony mortality associated with exposure to different
easily-diagnosed risk factors using standard epidemiologic
methods (Koepsell and Weiss, 2003). In most cases in this
study, we considered the prevalence of different diseases
the risk factors of interest while colony mortality was  the
outcome of interest. Disease prevalence was  therefore cal-
culated for each risk factor measured over the course of
study. For Varroa and Nosema where some level of expo-
sure was present ubiquitously (or nearly so), we considered
colonies to have been exposed only when these para-
sites surpassed a predetermined threshold. We  deﬁned this
threshold for Varroa mites to be greater than 5 mites per
100 adult bees (Genersch et al., 2010) and for Nosema to be
greater than 1 million spores per bee (E. Mussen, personal
communication).A common method to quantify risk from exposure is by
calculating the relative risk (RR) of mortality. RR quanti-
ﬁes the magnitude of excess risk that a colony will result
in an outcome after an exposure. In order to examine
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Nosema spore counts peaked during the May/June inspec-
tion period (Fig. 5).Fig. 2. Rate of colony mortality over the course of the study was  not equal.
As  rates of mortality were not different among operations (see text), mean
rates of mortality for all colonies are presented.
possible associations between risk factors odd ratios were
also calculated.
2.4. Statistics
All statistical analyses were performed using JMP  sta-
tistical package (SAS, 2007). We  used a Chi-square test
to compare mortality rates among the different opera-
tions. We  compared colony size measures (frames of bees
and brood) and parasite loads (Varroa and Nosema) using
a multivariable analysis where operation and inspection
period were set as random effects. The prevalence of
risk factors was also explored using multivariate analysis
where operation and inspection period were used as ﬁxed
effects. Prevalences were compared between populations
of colonies that died verses those which survived over the
duration of the study. For each risk factor, we  calculated
the relative risk and 95% CI of colony mortality during the
interval between the occurrence of a risk factor and the sub-
sequent inspection. Similarly RR was calculated for repeat
diagnosis with a risk factor between one inspection and the
next. Not all inspection data were used to calculate RR, data
from inspections conducted at 50-day intervals were used
to help ensure similar time periods for RR calculations. The
statistical signiﬁcance (P < 0.05) of relative risk and odds
ratios were determined using the Chi-square test, unless
fewer than 5 expected or observed cases were noted, in
which case Fisher’s exact test was used.
3. Results
3.1. Mortality rate
Fifty-six percent of the colonies died during the 10
months of this study (n = 62). This represents an average
mortality rate of 14.9 ± 4.28% (mean ± SE) per 2-month
period. This rate was not constant, with the rate of mor-
tality increasing as the study progressed (Fig. 2; P = 0.017).
The mortality rate did not differ among the three operations
(P = 0.42).Fig. 3. Mean number of frames of bees and brood in surviving colonies
over the course of study.
3.2. Colony size and parasite loads
Both the number of frames of bees and frames of brood
differed between operations and over time (P < 0.0001;
P < 0.0001, respectively). Generally, OP3 had colonies with
the largest number of frames of bees, while OP1 had
colonies that had the fewest frames of brood (Table 1).
Colonies were largest during the ﬁrst half of the study and
were smallest in November and December (Fig. 3).
Similarly, the average mean abundance of Varroa mites
and Nosema spore counts differed between operations and
over the course of study (P < 0.0001 and P = 0.007, respec-
tively). Varroa levels where lowest in OP1 while Nosema
levels were highest in OP3.Varroa mites reached a peak
in the September/October inspection period (Fig. 4), andFig. 4. Average Varroa mite infestation in monitored colonies over the
course of study.
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Table  1
Average colony size (frames of bees and brood) and parasite load (Varroa mite per 100 bees and Nosema spore count per bee × 106) in differed between
operations in a study on colony mortality in migratory beekeeping operations in the Eastern United States (2007–2008). Differences between operations
are  indicated by different letter in each column.
Operation Colony size Parasite load
Frames of bees (Mean ± SE) Frames of brood (Mean ± SE) Varroa mite (Mean ± SE) Nosema spores (Mean ± SE)
OP1 8.45 ± 0.32 b 2.96 ± 0.20 b 1.99 ± 0.36 b 0.95 ± 0.14 b
OP2  8.81 ± 0.29 b 5.31 ± 0.16 a 3.45 ± 0.31 a 0.81 ± 0.12 b
OP3 11.22 ± 0.37 a 5.13 ± 0.22 a 3.77 ± 0.40 a 1.42 ± 0.16 a
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Table 2
A  comparison of the prevalence of risk factors in surviving and non-
surviving colonies in a study on colony mortality in migratory beekeeping
operations in the Eastern United States (2007–2008). Differences in pre-
velence are indicated by different letters in the same row (P < 0.05).
Prevalence × (95% CI)
Surviving colonies Non-surviving colonies
n 27 35
Risk factor
Brood condition/disease
Pattern† 31.4 (4.9–21.5) 26.8 (4.3–18.1)
Chalkbrood 11.9 (4.3–19.7) 8.4 (1.7–15.1)
Sacbrood 5.7 (0.0–13.30) b 22.2 (15.5–29.0) a
IBDS 3.9 (0.0–8.40) 7.1 (0.3–11.1)
Adult bee disease
DWV  10.1 (0.06–14.1) a 1.1 (0.0–4.7) b
Varroa‡ 9.4 (6.8–11.9) a 1.1 (0.0–3.2) b
Nosema sporeˇ 35.2 (26.9–43.5) 35.1 (27.9–42.4)
Queen
Queen event 7.9 (0.1–15.1) b 21.2 (15.0–27.5) a
exposure
T
P
Uig. 5. Average Nosema spore load in colonies over the course of study.
.3. Prevalence of risk factor and colony survival
Clinical signs of two brood diseases, AFB and EFB, were
etected only once over the course of study. AFB was  found
n one colony during the initial inspection period while EFB
as found in another colony during the last inspection in
anuary 2008. Due to their low incidence, these diseases
ere not considered for further analysis.
The prevalence of DWV  and Varroa exceeding a thresh-
ld of 5 mites per 100 bees differed between operations
Table 3) and between colonies that survived the entire
ength of study compared to those which did not (Table 2;
WV: P = 0.001 and Varroa: P < 0.0001). Poor brood pattern
iffered between operations (Table 3: P < 0.0001) but not
etween surviving verses non-surviving colonies. Preva-
ence was not different among operations for any other
actor measured. Non-surviving colonies had over twice
able 3
revelance of risk factors which differed (P < 0.05) between operations in a study
nited States (2007–2008). Differences between operations are indicated by diffe
Operation n Prevalence × (95% CI)
Pattern† CB 
OP1 20 52.3 (43.4–61.3) a 21.1 (13.9–29.1) a 
OP2 24  20.0 (11.9–28.1) b 0.0 (0–7.3) b 
OP3  18 14.4 (5.0–23.8) b 10.8 (0.2–19.3) ab 
† Poor brood pattern as indicated by ≥20% of capped cells missing.
‡ Varroa mite threshold of 5 mites per adult bee exceeded. Nosema spore load of 1 million spores per bee.
† Poor brood pattern as indicated by ≥20% of capped cells missing.
‡ Varroa mite threshold of 5 mites per adult bee exceeded.
the number of queen events when compared to surviv-
ing colonies (21.2 vs. 7.9 cases per 100 colonies inspected;
P = 0.007; Table 2). Non-surviving colonies had close to
4 times the prevalence of clinical SBV infections (22.2
cases per 100 colonies inspected) as compared to surviving
colonies (5.7 cases per 100 colonies inspected; P = 0.0018).
The prevalence of IBDS (5.7 per 100 colonies inspected; 95%
CI = 2.7–8.7), and exceeding the Nosema spore threshold of
one million spores per bee (3.5 per 100 colonies inspected;
95% CI = 29.8–40.6), was not different between surviving
and non-surviving colonies (P > 0.05).
3.4. Relative risk (RR) of mortality after risk factorColonies diagnosed with IBDS were more than 3.2 times
(RR = 3.2; 95% CI = 1.5–7.0) as likely to die by the next
 on colony mortality in migratory beekeeping operations in the Eastern
rent letters within the same column.
DWV  SBV Varroa‡
0.0 (0.0–4.7) b 29.6 (21.5–37.7) a 0.8 (0–3.7) b
10.6 (5.7–14.4) a 1.9 (0.0–9.3) c 9.7 (7.1–12.3) a
4.1 (0.0–9.1) ab 2.2 (0–5.4) b 2.2 (0–5.2) b
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Table 4
Relative risk of mortality preceding (∼50 days) a diagnosis of various
colony risk factors in a study on colony mortality in migratory beekeeping
operations in the Eastern United States (2007–2008).
Relative risk
n
Risk factor
Brood condition/disease
Pattern† 1.6 (0.77–3.23)
Chalkbrood 1.1 (0.41–2.97)
Sacbrood 0.9 (0.85–0.92)
IBDS 3.2 (1.15–6.97)*
Adult bee disease
DWV 0.6 (0.08–3.95)
Varroa‡ 1.0 (0.42–2.19)
Nosema sporeˇ 1.4 (0.73–2.56)
Queen
Queen event 3.1 (1.67–5.80)*
 Nosema spore load of 1 million spores per bee.
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.† Poor brood pattern as indicated by ≥20% of capped cells missing.
‡ Varroa mite threshold of 5 mites per adult bee exceeded.
* Indicates signiﬁcant RR (P < 0.05).
inspection period (50 days later, on average) when com-
pared to colonies without the condition (P = 0.013; Table 4).
Colonies diagnosed with a queen event were more than
three times (RR = 3.1; 95% CI = 1.67–5.80) as likely to die
by the next inspection when compared to those without
evidence of a queen event (P = 0.0017; Table 4).
3.5. Odds ratio (OR) of simultaneous diagnosis of two
risk factors
Diagnosis with a poor brood pattern was associated
with clinical infections of chalkbrood and sacbrood, as well
as exceeding a Nosema threshold of 1 million spores per
bee (Table 5). Chalkbrood was also found to have a pos-
itive association with sacbrood and IBDS, while having a
negative association with Varroa mite as indicated by an
odds ratio of less than 1.0. Sacbrood had a strong associa-
tion with IBDS. Varroa mite and phenotypic DWV  infection
also had a positive association. No other risk factors were
found to have a signiﬁcant association (Table 5).
3.6. Relative risk of remaining diagnosed with a risk
factor after exposure in the previous inspection period
Diagnosis of a poor brood pattern signiﬁcantly elevated
the risk that the colony would have a poor brood pat-
tern in subsequent inspection (RR = 2.5 (95%CI: 1.7–3.5);
P < 0.001). Similarly, colonies showing clinical signs of
CB disease had an increased risk of being diagnosed CB
(RR = 3.7 (95% CI 2.0–6.7); P < 0.0001) during the next
inspection.
Colonies in which clinical signs of DWV  were observed
were more likely to have DWV  re-diagnosed (RR = 6.6 (95%
CI: 2.9–14.7); P = 0.003) when next inspected.
4. DiscussionWe quantiﬁed the impact of easily-deﬁned measures of
risk on colony mortality, in migratory honey bee colonies
using epidemiological methods. To that end, we found Ta
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hat, over the short term (∼50 days), the presence of IBDS
a generally unknown syndrome of brood) increased the
isk of colony mortality by 3.8 times. In addition, evi-
ence of queen replacement or failure increased the risk
hat a colony would die by 3.1 times. We  also found
hat exposure to several different factors were associated
ith one another as indicated by signiﬁcant odds ratios
Table 5).
The complexity of these results supports a growing
onsensus that causes of honey bee colony mortality and
orbidity are multiple and interrelated (Genersch and
vans, 2010; Genersch et al., 2010; Neumann and Carreck,
010; vanEngelsdorp et al., 2010b). However, this study is
he ﬁrst that quantiﬁes mortality with exposure to certain
isk factors using epidemiological methods.
Colonies diagnosed with IBDS were nearly four times
ore likely to die by the next inspection period com-
ared to colonies without this condition. This was the most
ronounced measure of mortality risk recorded in this
tudy. As outlined above, our case deﬁnition for determin-
ng “exposure” to this condition was based on the work
f Shimanuki et al. (1994);  speciﬁcally, the presence of
rood at different ages that appear molten on the bot-
om of cells or may  have other symptoms reminiscent of
nfection with AFB, EFB, or SBV. We  considered this brood
yndrome to be unassociated with those symptoms of PMS
n adult bees, which are thought to be directly caused by
arroa mites. Our ﬁndings, as they relate to the symptoms
n brood (called here IBDS), do not support an association
ith Varroa mites, as evidenced by a non-signiﬁcant odds
atio for the two factors. Indeed, even the reports that ini-
ially described PMS  suggested that the role of mites in the
ymptoms in brood was likely secondary to the symptoms
escribed (Shimanuki et al., 1994; Hung et al., 1996). How-
ver, mites may  play a role in creating IBDS by acting as a
ector for a causative agent or because mite feeding some-
ow activates asymptomatic infections (Hung et al., 1996).
ttempts to isolate a single causative agent in symptomatic
rood removed from PMS  suffering colonies have failed,
lthough viruses such as acute bee paralysis virus (ABPV)
nd Kashmir bee virus (KBV) have been implicated (Hung
t al., 1996). If IBDS is indeed a symptom of viral infection,
ts persistence in infected colonies with low Varroa mite
ressure is not surprising considering that viruses are able
o persist in colonies even when mite levels remain low or
fter they have been controlled with chemical treatments
Highﬁeld et al., 2009; Martin et al., 2010).
This study also identiﬁed “queen events” as a leading
actor in colony mortality. Not only was the relative risk
f mortality increased in colonies diagnosed with a queen
vent signiﬁcant, the incidence rate of queen events was
early twice as high in colonies that died by the end of
he study when compared to those colonies that had not
ied (Table 1). Beekeepers themselves have consistently
elf-identiﬁed queen failure as a leading cause of win-
er mortality in recent winter loss surveys (vanEngelsdorp
t al., 2010a; Brodschneider et al., 2010), and this study
orroborates beekeeper suspicions. Additional studies are
ecessary to elucidate the underlying causes of queen
vents and the mechanism that governs its apparent asso-
iation with increased colony mortality.ary Medicine 108 (2013) 225– 233 231
Poor brood pattern (e.g., more than 20% of capped brood
missing) indicated that colonies were more likely to be
re-diagnosed with a poor brood pattern in a subsequent
inspection and was  found to be associated with the brood
diseases (chalkbrood and sacbrood) and Nosema levels in
excess of 1 million spores per bee (Table 5). There are many
potential causes of a spotty brood pattern, including canni-
balism of diploid drone larvae because of homozygosity at
the csd locus (see Tarpy and Page, 2002), larval death due to
pesticide poisoning (Pettis et al., submitted for publication),
and worker bee hygienic behavior which removes diseased
or dead larvae (Gilliam et al., 1983; Boecking and Spivak,
1999). It may  be that colonies diagnosed with a poor brood
pattern are successfully removing diseased larvae infected
with the agents causing disease (e.g., CB and SBV), and thus
in some cases poor brood patterns may  simply indicate that
colonies are able to keep infections below detection thresh-
olds for clinical infections to be diagnosed. Nosema spp.
infection in queen honey bees can lead to rapid superce-
dure (Furgala, 1962) and it has been proposed that failing
queens reduce egg laying and, thus, brood levels in advance
of supercedure (Pettis et al., 1997). Therefore, Nosema spp.
infection could also indirectly lead to poor brood patterns.
Comparing the prevalence of risk factors among different
groups of colonies also proved insightful. First, the differ-
ence in incidence rates in the three different beekeeping
operations (Table 3) was  notable. Many causes for these
differences are possible, including differences in manage-
ment practices, colony genetics, risk-factor exposure, and
the environment. It should be noted that while we did not
record speciﬁc management practices of the beekeepers,
all reported treating for Varroa during the same treatment
window (October–November). While our study was  not
designed to identify the causes for these differences, this
ﬁnding does support the growing consensus that many fac-
tors contribute to colony mortality and that studies that
investigate these causes may  need to be equally diverse
(vanEngelsdorp et al., 2011; Williams et al., 2010).
Also notable were the signiﬁcant difference in the
prevalence of queen events, SBV, DWV, and colonies
exceeding the threshold for Varroa mites between surviv-
ing and non-surviving colonies. That queen events occurred
2.6 times more frequently in non-surviving colonies is not
surprising considering the signiﬁcant relative risk associ-
ated with this condition and the relative frequency of its
diagnosis. The potential causes for queen failure are mul-
tiple, and include pathogen load (Loskotova et al., 1980;
Camazine et al., 1998), pesticide exposure (Pettis et al.,
2004), and number of mates (Tarpy et al. unpublished data;
see also Richard et al., 2007). Considering the pronounced
effect queen events have on colony survivorship, stud-
ies speciﬁcally designed to measure and address possible
interactions between risk factors and queen replacement
are urgently needed.
Over the long term, non-surviving colonies had nearly
four times the incident rate of SBV when compared to sur-
viving colonies. Unlike queen events, however, we did not
observe increased risk of mortality in colonies over the
short term (as indicated by a non-signiﬁcant RR; Table 1).
This suggests that the effects of SBV on colony health may
be sub-lethal or that clinical infection with SBV may  be
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a consequence of some other sub-lethal factor that com-
promises colony health (e.g., pesticide exposure or poor
nutrition, both of which are known to contribute to com-
promised bee immune systems (Alaux et al., 2010a,b)). It
is important to note that this study was not designed to
detect sub-lethal effects (i.e., decreased productivity) of
SBV or other risk factors measured. Therefore, our inability
to detect negative consequences of exposure to certain risk
factors is not equivocal to saying these risk factors had no
effect on colony health.
The incident rate of DWV  infection occurred at over
nine times the rate in surviving colonies as compared to
non-surviving colonies, while Varroa mites exceeded the
threshold at over eight times the rate in surviving colonies
as compared to non-surviving colonies. At ﬁrst glance,
these ﬁndings are counter intuitive, as the prevalence of
both DWV  and Varroa exceeding threshold were markedly
higher in surviving colonies, suggesting these factors may
be associated with colony health. This is unlikely to be the
case, however, as there is broad and compelling evidence
that both Varroa mites and DWV  have negative effects on
both individual bee and colony health (Korpela et al., 1992;
Highﬁeld et al., 2009; Chauzat et al., 2010a,b; Guzmán-
Novoa et al., 2010; Genersch et al., 2010; Martin et al.,
2010; Le Conte et al., 2010; Schäfer et al., 2010). A more
probable explanation for higher prevalence of these two
factors in surviving colonies can be inferred after consider-
ing the population dynamics of Varroa mites in observed
colonies (Fig. 4). Average Varroa mite populations were
highest in the September/October sampling period, and by
this time 40% of the colonies that would die in the study had
already died. Thus, many non-surviving colonies simply
had not survived long enough to have mite levels surpass
the threshold. The same explanation potentially explains
increased DWV  rates as well. Both this and other stud-
ies have shown a linkage between high Varroa mite levels
and DWV  infection (Table 3; Highﬁeld et al., 2009; Bowen-
Walker et al., 1999). Indeed, in this study, we diagnosed
27 cases of colonies with clinical infections of DWV. How-
ever, only ﬁve of these cases were diagnosed before the
September/October inspection period (data not shown).
Again, only 60% of those colonies that would eventually
die were left in the study population during this period. Had
this study been larger, or had it continued for a longer dura-
tion, the negative effects of these factors may  have been
detected.
5. Conclusion
This study used epidemiological methods to quantify
the risk of exposure from several easily diagnosed factors
on colony mortality and morbidity in migratory beekeep-
ing operations in the eastern United States. Systematic
epidemiologic methods have long been used to quantify
risk for human and domestic animal mortality. As demon-
strated by this study, these methods hold promise for
understanding the risk of managed honey bee populations
as well. Speciﬁcally, this study identiﬁed two risk factors
that were predictive of colony mortality over the short
term: queen events, and IBDS. The ease at which these
conditions can be accurately diagnosed in colonies makesary Medicine 108 (2013) 225– 233
them excellent monitoring tools for beekeepers attempt-
ing to assess the health of the bees in their operations.
Unfortunately, the underlying causes of these conditions
are poorly understood, and our ﬁndings suggest that previ-
ous assumptions—such as the putative role of Varroa mites
in IBDS—may be incorrect. These results add to the grow-
ing body of work that suggests that the causes of colony
mortality and morbidity are multiple and complex. While
further epidemiological studies are needed to help ver-
ify these ﬁndings, hypothesis-driven research speciﬁcally
aimed at trying to understand the causes of queen failure
and IBDS should be prioritized.
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